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The excellent density -specific properties 
of the gamma class of titanium aluminides 
make them attractive for intermediate-tem- 
perature ( 600-850 °C) aerospace applica- 
tions. The oxidation and embrittlement re- 
sistance of these alloys is superior to that of 
the a 2 and orthorhombic classes of titanium 
aluminides. However , since gamma alloys 
form an intermixed AfO/TiO , scale in air 
rather than the desired continuous Al 2 0 } 
scale , oxidation resistance is inadequate at 
the high end of this temperature range ( i.e ., 
greater than 750-800 °C). For applications 
at such temperatures , an oxidation-resistant 
coating will be needed; however , a major 
drawback of the oxidation - resis ta n t coatings 
currently available is severe degradation in 
fatigue life by the coating. A new class of 
oxidation-resistant coatmgs based in the Ti- 
Al-Cr system offers the potential for im- 
proved fatigue life. 

INTRODUCTION 

Titanium aluminides based on the y 
(TiAl) phase offer the potential for com- 
ponent weight savings of up to 50 per- 
cent over conventional superalloys in 
600-850°C aerospace applications. 12 Ex- 
tensive development efforts during the 
past ten years have led to the identifica- 
tion of engineering y alloys such as Ti- 
48Al-2Cr-2Nb, 3 which offer a balance of 
room- tempera hire mechanical proper- 
ties (1-4% elongation, 10-20 MPa m 1/2 
fracture toughness) and high-tempera- 
ture strength retention (300-500 MPa 
tensile strength at 800°C). 1 These alloys 
are generally based on Ti-(45-48)Al and 
contain 3-15 volume percent a ? (Ti 3 Al) 
as a second phase (Figure l). 1,2 

The y class of titanium aluminides also 
offers oxidation and interstitial (oxygen, 
nitrogen) embrittlement resistance su- 
perior to that of the a 2 and orthorhombic 
(Ti 2 AlNb) classes of titanium aluminides. 
However, environmental durability is 
still a concern, especially at tempera- 
tures above 750-800°C in air. 

In this article, the fundamental as- 
pects governing the oxidation behavior 
of gamma titanium aluminides are re- 
viewed. The controversy regarding the 
Ti-Al-O phase diagram, the recently 
gained understanding of the detrimen- 
tal role played by nitrogen during oxida- 
tion in air, and the oxidation and 
embrittlement behavior of engineering y 


alloys are discussed. The development 
of oxidation-resistant coatings for engi- 
neering y alloys is also reviewed, with a 
focus on the promising recent work in 
the Ti-Al-Cr system. 

FUNDAMENTALS OF GAMMA 
TITANIUM ALUMINIDE 
OXIDATION 

The goal during the oxidation of y 
titanium aluminides (and aluminides in 
general) is to form a continuous A1,0 3 
(a) scale. Alumina (A1 2 0 3 ) scales, by vir- 
tue of their extremely slow, parabolic 
rate of growth, are protective at tem- 
peratures in excess of 1,200°C. Unfortu- 
nately, during the oxidation of y alloys 
in air, an intermixed Al 2 0 3 /Ti0 2 scale 
rather than a continuous A1 2 0 3 scale is 
formed A 10 Intermixed Al 2 0 3 /Ti0 2 scales 
are generally protective only to about 
750-800°C. They are less protective than 
continuous A1 2 0 3 scales because TiO,, 
has a much higher rate of growth than 
Al,O r Titania (Ti0 2 ) may also act as a 
short-circuit transport path, resulting in 
interstitial oxygen /nitrogen dissolution 
into the alloy during elevated-tempera- 
ture exposure in air. This can embrittle 
the alloy and degrade mechanical prop- 
erties, in particular, fatigue life. 

Thermodynamics and the Ti-AI-0 
System 

A prerequisite for continuous Al 2 0 3 
scale formation during oxidation is that 
A1 2 0 3 must be the most stable oxide on 
the alloy. However, the most stable ox- 
ide of titanium, usually TiO (depending 
upon temperature), is nearly as stable as 
A1 2 0 3 . The activity of aluminum in the 
Ti-Al system exhibits a large negative 
deviation from ideality. 11-14 Therefore, 
the activities of aluminum and titanium 
in a given alloy determine whether TiO 



At.% Al 

Figure 1. Binary Ti-Al phase diagram. 4 


or A1 2 0 3 is the stable oxide for that par- 
ticular composition. If TiO is more stable 
than A1 2 0 3 , a titanium-based oxide scale 
is formed. Such scales predominately 
contain Ti0 2 instead of TiO because of 
kinetic factors involved (discontinuous 
A1 2 0 3 particles may also be present in 
the scale). 

Thermodynamic calculations by 
Luthra (800°C) 13 and Rahmel etal. (700°C, 
900°C, and 1,100°C) W indicated that TiO 
was stable on binary Ti-Al alloys con- 
taining less than about 50% aluminum 
(Figure 2). Thus, it was proposed that y 
alloys could not form a continuous Al 2 0 3 
scale because A1 2 0 3 was not the most 
thermodynamically stable oxide on the 
alloy. However, recent experimental 
evidence shows that A1 2 0 3 is more stable 
than TiO on Ti-Al alloys containing as 
little as approximately 5-25% aluminum 
(Figure 3). 17-20 

Li et al. 17 and Becker et al. 6 have ex- 
plained the differences between the ther- 
modynamically calculated Ti-Al-O phase 
diagram (Figure 2) and the experimen- 
tally determined Ti-Al-O phase diagram 
(Figure 3). They propose that oxygen 
solubility in the metal phases (in par- 
ticular, oq and y), which was neglected in 
the thermodynamic calculations, plays a 
critical role in stabilizing A1 2 0 3 . Calcula- 
tions by Li et al. 17 suggest that when 
oxygen solubility in these phases is con- 
sidered, a thermodynamically calculated 
Ti-Al-O phase diagram can match the 
experimentally determined Ti-Al-O 
phase diagram (Figure 3). 

There has also been recent experimen- 
tal evidence that one or more new ter- 
nary Ti x Al Y O z phases, with an approxi- 
mate composition of Ti-(25-35)Al-(15- 
20)0, may exist. 21 25 The existence of such 
phase(s), with unknown thermodynamic 
properties, could also account for the 
discrepancies between the thermody- 
namically calculated and experimentally 
determined Ti-Al-O phase diagrams. 23 
While very recent data suggest that these 
Ti x Al Y O z phases may be metastable, 26 
the key point is that the experimental Ti- 
Al-O phase diagram studies clearly in- 
dicate that A1 2 0 3 stability is not a barrier 
to y alloys oxidizing to establish a con- 
tinuous A1 2 0 3 scale. 

The Nitrogen Effect 

Binary yalloys form a continuous A1 2 0 3 
scale at temperatures up to 1,000°C in 
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pure oxygen, but do not form a continu- 
ous alumina scale in air. 27 Approximately 
60-70% aluminum is needed for binary 
Ti-Al alloys to form a continuous A1 2 0 3 
scale in air, while only about 47-49% 
aluminum is needed in pure oxygen. 5 
The poor oxidation behavior of y alloys 
in air, as compared with pure oxygen, is 
commonly referred to as "the nitrogen 
effect/' The nitrogen effect is significant 
because many of the engineering y al- 
loys, like the binary y alloys, contain 
sufficient aluminum for continuous 
A1 2 0 3 scale formation in oxygen but 
not in air. 

The nitrogen effect has recently been 
the subject of intense, fundamental-ori- 
ented studies geared toward develop- 
ing a mechanistic understanding of this 
phenomenon. 56 ' 28 ' 30 Dettenwanger and 
Rakowski et al. proposed that the inabil- 
ity of binary y alloys to establish a con- 
tinuous A1 2 0 3 scale from 800-900°C in 
air is related to the formation of TiN 
during the initial stages of oxidation 28 29 
Cross-section transmission electron mi- 
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Figure 2. A schematic partial Ti-AI-O phase 
diagram obtained from thermodynamic cal- 
culations (based on Luthra 15 and Rahmel et 
al. 18 ). The two-phase fields with TiO and Al 2 0 3 
are highlighted in gray and show y in equilib- 
rium with both Al 2 0 3 and TiO. 
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Figure 3. A schematic partial Ti-AI-O phase 
diagram obtained from experimental studies 
(based on References 1 7-20) . The two-phase 
fields with TiO and Al 2 0 3 are highlighted in 
gray and show that both y and ol, are in 
equilibrium with Al 2 0 3 . Note that although the 
cited studies agree that Ai 2 0 3 is the stable 
oxide for Ti-(«50)AI, the details of the A\ 2 OJ 
TiO stability changeover vary somewhat from 
study to study. 


croscopy (TEM) analysis of the scale 
formed on Ti-50A1 after one hour at 900°C 
in air revealed an alternating sequence 
of TiN and A1 2 0 3 at the metal /scale in- 
terface. 2829 The presence of TiN in this 
layer was postulated to interrupt the 
establishment of a continuous A1 7 0 3 scale 
(Figure 4). 28,29 As oxidation proceeds, the 
TiN is subsequently oxidized to form 
TiO v 29 This process results in the forma- 
tion of an intermixed Al 2 0 3 /Ti0 7 scale 
rather than a continuous A1 2 0 3 scale 
(Figure 4). 29 

Although further experimental con- 
firmation is needed, the Dettenwanger 
and Rakowski et al. mechanism pro- 
vides a very plausible explanation for 
the nitrogen effect. Regardless of the 
exact mechanistic details, the nitrogen 
effect appears to be the main barrier to 
continuous A1 2 0 3 scale formation by y 
alloys in air. 

Oxidation and Embrittlement of 
Engineering y Titanium Aluminides 

Ternary and higher order alloying 
additions can reduce the rate of oxida- 
tion of y alloys. 6,7,9 ' 10 ' 27 ' 31-39 Of particular 
benefit are small (1-4%) ternary addi- 
tions of tungsten, niobium, and tanta- 
lum. 9 ’ 27 ’ 33-37 ' 39 When combined with qua- 
ternary additions of 1-2% chromium or 
manganese, further improvement in oxi- 
dation resistance is gained. 34,37 How- 
ever, it is important to stress that these 
small alloying additions do not result in 
continuous A1 2 0 3 scale formation. 
Rather, a complex intermixed A1 2 0 3 / 
Ti0 2 scale is still formed, but the rate of 
growth of this scale is reduced. 

The mechanisms by which these small 
alloying additions slow the rate of oxi- 
dation of y alloys are not well under- 
stood. 10 Proposed explanations include 
the reduced growth rate of TiO z by dop- 
ing, 27 an increase in Al/Ti activity ratio 
to favor A1 2 0 3 scale formation, 6,27,34 and a 
reduction in alloy oxygen solubility to 
prevent internal oxidation. 9,39 However, 
further experimental examination of the 
influence of these mechanisms on the 
oxidation behavior of y alloys is needed, 
particularly in the 600-850°C applica- 
tion temperature range. 

Based on the following data and the 
data available in the literature, 32,37,38 ' 40 ' 41 
engineering y alloys exhibit acceptable 
oxidation rates up to about 750-800°C in 
air. Figure 5 41 shows oxidation data for 
several engineering y alloys of current 
interest: Ti-48Al-2Cr-2Nb, Ti-46.5A1- 
3Nb-2Cr-0.2W (K-5), 42 and Ti-46Al-5Nb- 
1 W (Alloy 7) 43 at 800°C in air. At regular 
intervals, the samples were removed 
from the test furnace at temperature, air- 
cooled, weighed, and returned to the 
test furnace at temperature (i.e., inter- 
rupted weight-gain test). Therefore, in- 
terrupted weight-gain exposures involve 
both an isothermal and cyclic tempera- 
ture component. 
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Figure 4. Portions of the Rakowski et al. 
schematic mechanism of the nitrogen effect 
for binary y alloys at 800-900°C in air (a 
description is provided only for the external 
scale). 29 


The Ti-48Al-2Cr-2Nb alloy samples 
oxidized at a relatively rapid rate, with 
one of the two samples suffering from 
significant scale spallation (weight loss) 
after about 500 hours at 800°C in air 
(Figure 5). The K-5 and Alloy 7 y alloys 
exhibited low rates of oxidation up to 
1,000 hours at 800°C in air. The superior 
oxidation resistance of K-5 and Alloy 7 is 
attributable to the presence of tungsten 
and a higher level of niobium in these 
alloys. However, the oxidation kinetics 
for K-5 and Alloy 7 were strongly linear 
in character beyond 500 hours, which 
suggests a possible degradation in the 
protectiveness of the scale. 

The scale formed on Ti-48Al-2Cr-2Nb 
after 9,000 hours of isothermal oxidation 
at 704°C in air is shown in Figure 6 (after 
Locci et al.). 40 Despite the very long-term 
exposure, the scale is only about 15 |im 
thick, an acceptable rate of oxidation for 
many applications. From the gas/scale 
interface inward, the microstructure con- 
sisted of Ti0 2 /Al 2 0 3 -rich (not continu- 
ous)/intermixed Al 2 0 3 +Ti0 2 /TiN/ 
TiAl 2 /bulk alloy. (The identification of 
TiN and Ti Al 2 were based solely on com- 
position data obtained by wavelength 
dispersive analysis.) 

The outer-scale microstructure formed 
on Ti-48Al-2Cr-2Nb after 9,000 hours at 
704°C in air (Figure 6) is qualitatively 
similar to that reported for binary y al- 
loys after short-term, high-temperature 
exposures (less than 1,000 hours at 900- 
1,000°C) in air. 5 ' 610 (Little information is 
available on the scales formed on binary 
y alloys after long-term, low-tempera- 
ture exposures such as is available for Ti- 
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Figure 5. Interrupted weight gain oxidation 
data for Ti-48AI-2Cr-2Nb (48-2-2), Ti-46.5AI- 
3Nb-2Cr-0.2W (K-5), and Ti-46AI-5Nb-1 W 
(Alloy 7) at 800°C in air. 41 


48 Al-2Cr-2Nb.) However, the inner-scale 
microstructure is markedly different- In 
binary y alloys, discrete TiN particles 28,29 
as well as an embrittled zone of alu- 
minum-depleted, oxygen-rich metal 
phase(s) 21 25,44 are formed at the metal/ 
scale interface. In Ti-48Al-2Cr-2Nb, a 
continuous layer of TiN is formed at the 
metal/scale interface (Figure 6). 40 The 
depletion of titanium to form the TiN 
layer effectively enriches the alloy in 
aluminum, which then results in the for- 
mation of TiAl 2 just below the TiN layer 
(Figure 6). 

The formation of this TiAl 2 layer is 
postulated to be beneficial from an envi- 
ronmental durability viewpoint. First, 
as oxidation proceeds, the TiAT layer 
would primarily be oxidized to form 
Al 2 O r Second, because of its high alumi- 
num content, Ti Al 2 is expected to have a 
low permeability to oxygen and nitro- 
gen. Therefore, the Ti Al 2 layer would aid 
in resisting interstitial oxygen/ nitrogen 
penetration and embrittlement. A pos- 
sible concern, however, is a degradation 
in mechanical properties, especially fa- 
tigue life, because the TiN and TiAl, 
phases are themselves extremely brittle. 

The scale formed by Ti-48Al-2Cr-2Nb 
provides adequate oxidation resistance 
up to 750-800°C in air. However, it is not 
clear if it is a sufficient barrier to intersti- 
tial oxygen/ nitrogen penetration into 
the alloy. Significant penetration of oxy- 
gen or nitrogen could lead to interstitial 
embrittlement, as is observed in the a ? 
and orthorhombic titanium alumi- 
nides, 36,45,46 and a subsequent degrada- 
tion of mechanical properties. 

Electron microprobe analysis of the 
Ti-48Al-2Cr-2Nb sample oxidized for 
9,000 hours at 704°C in air showed no 
evidence of oxygen/ nitrogen penetra- 
tion into the alloy ahead of the metal/ 
scale interface. 40 Cross-section micro- 
hardness evaluation ofTi-48Al-2Cr-2Nb 
oxidized for 700 hours at 800°C in air 
(Figure 7) also showed little evidence of 
interstitial hardening ahead of the metal / 
scale interface. 41 Similar results were 
obtained for K-5 and Alloy 7 41 By com- 
parison, the orthorhombic-based alloy 
Ti-22Al-20Nb-2Ta-lMo, which is more 
oxidation resistant than Ti-48Al-2Cr-2Nb 
at 800°C in air (Figure 8), suffers from 


extensive interstitial embrittlement 
ahead of the metal /scale interface (Fig- 
ure 7). 47 This suggests that the oxidation 
rate of titanium aluminides does not 
necessarily correlate with susceptibility 
to interstitial embrittlement 47 and that 
engineering y alloys exhibit superior re- 
sistance to intersti tial penetration as com- 
pared to a 2 and orthorhombic alloys. 41 47 

However, electron microprobe and 
microhardness evaluations are only sen- 
sitive to interstitial penetration beyond 
about 5 fim from the metal/scale inter- 
face. Fatigue studies, which are more 
sensitive to environmental embrittle- 
ment, do suggest a possible embrittle- 
ment problem for engineering y alloys. 
An order-of-magnitude higher fatigue 
crack growth rate was observed in air, as 
compared with vacuum, for alloy K-5 
and Ti-47Al-1.5Cr-2Nb. 48,49 The worst- 
case condition for crack growth resis- 
tance was found to occur around 600°C. 49 
It is not clear whether the higher fatigue 
crack growth rates observed in air were 
associated with very near-surface inter- 
stitial oxygen /nitrogen embrittlement, 
TiN/TiAl 2 formation, or some other 
mechanism. These data suggest that an 
oxidation-resistant coating may be ben- 
eficial for engineering y alloys for appli- 
cation temperatures below 750-800°C to 
protect from environmental embrittle- 
ment. At temperatures above 750-800°C, 
oxidation rates are unacceptably high 
for many long-term applications, and an 
oxidation-resistant coating will likely be 
required. 

OXIDATION-RESISTANT 
COATINGS FOR GAMMA 
TITANIUM ALUMINIDES 

The development of oxidation-resis- 
tant coatings for titanium aluminides 
was recently reviewed by Taniguchi 50 
and Streiff. 51 Three general coating alloy 
approaches have been taken for protect- 
ing titanium aluminides: MCrAlY (M = 
Ni,Fe,Co), 52 " 56 aluminizing , 57 ^ and sili- 
cides/ ceramics. 63-66 Protection of tita- 
nium aluminides under oxidizing con- 
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Figure 6. A scanning electron microscopy 
backscatter-modemicrographofTi-48AI-2Cr- 
2Nb after 9,000 hours at 704°C in air. 40 Note 
that the identification of TiN and TiAI 2 at the 
metal/scale interface was based solely on 
microprobe composition analysis: (a) 
Ti0 2 (!ight), (b) Al 2 0 3 -rich (dark), (c) intermixed 
Al 2 0 3 + Ti0 2 , (d) TiN, and (e) TiAL,. 
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Figure 7. Knoop microhardness data (at 25 g / 
1 5 s) as a function of distance from the metal/ 
scale interface for Ti-48AI-2Cr-2Nb and Ti- 
22Ai-20Nb-2Ta-1 Mo after 700 hours and 500 
hours exposures, respectively, at 800°C in 
air. 41 - 47 
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Figure 8. Interrupted weight gain oxidation 
data for Ti-48AI-2Cr-2Nb and Ti-22Ai-20Nb- 
2Ta-1Mo at 800°C in air. 41 - 47 


ditions has been achieved with all three 
approaches, however, studies of such 
coatings on a 2 - and orthorhombic-based 
titanium aluminides (monolithic and 
composite) report severe lifetime degra- 
dation under fatigue conditions. 65,67 The 
fatigue life of coated material is often 
reduced to below that of uncoated mate- 
rial. 65,67 Similar results are also expected 
for such coatings that are on y titanium 
aluminides. 

The degradation in the fatigue life of 
titanium aluminides by coatings results 
from three main factors: the formation of 
brittle coating-substrate reaction zones 
(chemical incompatibility), the brittle- 
ness of the coating alloy, and the differ- 
ences in the coefficient of thermal expan- 
sion between the coating and the sub- 
strate (CTE mismatch). MCrAlY coat- 
ings, which are successfully used to pro- 
tect nickel-, iron-, and cobalt-based su- 
peralloys, are notchemically compatible 
with titanium aluminides 54 ' 56 and form 
brittle coating/substrate reaction zones 
at SOCPC. 54 ' 67 Aluminizing treatments re- 
sult in the surface formation of the TiAl 3 
and TiAl 2 phases, which are brittle and 
exhibit CTE mismatches with cq, orthor- 
hombic, and y titanium aluminides. 61 Si- 
licide and ceramic coatings are also gen- 
erally too brittle to survive fatigue con- 
ditions. 65,67 

It should be noted that most work to 
date on the fatigue behavior of coated 
titanium aluminides has been performed 
under low-cycle fatigue (LCF) condi- 
tions, primarily on a 2 - and orthorhom- 
bic-based titanium aluminides. The ini- 
tial commercial introduction of y tita- 
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nium aluminides will likely involve 
very low load, stiffness-limited applica- 
tions where less severe high-cycle fa- 
tigue (HCF) conditions dominate. Un- 
der such conditions, coating alloy prop- 
erty requirements are not as stringent, 
and it is possible that some of the afore- 
mentioned coating approaches may be 
successful in these cases. 

Ti-AI-Cr Oxidation-Resistant 
Coating Alloys 

The ideal oxidation-resistant coating 
for y alloys would be Ti-Al based for 
optimal chemical and mechanical com- 
patibility with ysubstrates, be capable of 
forming a continuous A1 2 0 3 scale to pro- 
tect from both oxidation and interstitial 
oxygen/nitrogen embrittlement, and 
possess reasonable mechanical proper- 
ties to survive HCF. No ideal combina- 
tion of these properties exists at present. 
However, reasonable compromises have 
been achieved with coating alloys based 
in the Ti-AI-Cr system. 

Perkins and Meier et al. 68 discovered 
that Ti-AI-Cr alloys containing a mini- 
mum of 8-10% chromium are continu- 
ous A1 2 0 3 scale formers from 800-1 ,300°C 
in air (Figure 9). In a cooperative effort 
between the University of Pittsburgh 
(Pitt), Lockheed Missiles and Space 
Company (LMSC), and General Electric 
Aircraft Engines (GEAE), the A 1 2 0 3 - form- 
ing Ti-AI-Cr alloys were investigated as 
oxidation-resistant coating alloys for y 
titanium aluminides. 6970 This program 
met with considerable success. A sput- 
tered Ti-44Al-28Cr coating successfully 



Figure 9. Schematic Ti-AI-Cr oxide map of 
Perkins and Meier et al. 68 



Figure 1 0. Schematic partial 800-1 ,000°C Ti- 
AI-Cr phase diagram, 75 based on References 
71 -75 and 79, showing the composition range 
of the y + Laves NASA Lewis oxidation-resis- 
tant coating alloys. 78 
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Figure 1 1 . Interrupted weight-gain oxidation 
data for LPPS Ti-51 AI-12Cr-coated and un- 
coated Ti-48AI-2Cr-2Nb at (a) 800°C and (b) 
1 ,000°C in air. 


protected Ti-47Al-2Cr-2Ta under long- 
term (2,000 hours) cyclic oxidation at 
900°C in air. 70 Coating composition opti- 
mization studies identified Ti-50Al-20Cr 
as holding the most promise as an oxida- 
tion-resistant coating for y alloys. 69 How- 
ever, the Ti-AI-Cr alloys examined un- 
der this program were brittle and exhib- 
ited some minor chemical incompatibil- 
ity problems (e.g., small reaction zone of 
chromium-rich precipitates) withyalloy 
substrates. 69 Difficulties in depositing 
high-quality coatings by plasma spray 
methods were also encountered. 69 

A second generation of Ti-AI-Cr coat- 
ing alloys based on the Pitt/ LMSC/ 
GEAE work was recently developed at 
the NASA Lewis Research Center. The 
goal of this program was to co-optimize 
the oxidation resistance, mechanical 
properties, and y alloy compatibility of 
Ti-AI-Cr coating alloys. To accomplish 
this, the critical phase equilibria in the 
Al 2 0 3 -forming composition range were 
determined, 71 and a microstructure/ 
property approach was adopted. 72 

The Al 2 0 3 -forming Ti-AI-Cr composi- 
tion range was found to be multiphase 
and consisted primarily of the t (Ll 2 
phase centered on Ti-67Al-8Cr) or y 
phases and the Ti(Cr,Al) 2 (Laves 7374 ) 
phase. 71 The key to oxidation resistance 
was the Laves phase, which was capable 
of continuous A1 2 0 3 scale formation de- 
spite an aluminum content of only 37- 
42%. 7275 Unfortunately, the Laves phase 
was also a major source of alloy brittle- 
ness. 72 

Work by Klansky et al. on Ti-AI-Cr 
alloys hot isostatically pressed at 1 ,200°C 
showed that mixing the Laves phase 
with the x phase or the y phase improved 
cracking resistance (i.e., reduced alloy 
brittleness) as measured by room-tem- 
perature microhardness indentation. 73 


Their results suggest that basing a Ti-Al- 
Cr coating alloy on either the x phase or 
the y phase would reduce alloy brittle- 
ness; however, the X phase in this com- 
position range decomposes to the brittle 
TiAl 2 phase and a chromium-rich phase 
(Cr 2 Al 71 or, more likely, J3-Cr 76 ) on expo- 
sure at 800°C. Thus, any beneficial ef- 
fects of the x phase on cracking resis- 
tance are lost after exposure in the tem- 
perature range where application of these 
coating alloys is expected. 71 

In contrast, the y phase in the A1 2 0 3 - 
forming Ti-AI-Cr alloys is stable from 
room temperature to at least 1,000°C. 7172 
Additionally, the y phase is capable of 
some limited room-temperature ductil- 
ity. 77 Therefore, the best current option 
for reducing Ti-AI-Cr coating alloy 
brittleness is to base the alloy on the y 
phase. 7172 Most of the Pi tt / LMSC /GEAE 
coating alloys were based on the Laves 
phase (Ti-44Al-28Cr) or the x phase (Ti- 
50Al-20Cr). 

A region of Al 2 0 3 -forming y + Laves 
Ti-AI-Cr coating alloys was identified 
by Brady et al., 78 in which the yphase was 
continuous in the microstructure (Fig- 
ure 10). This further reduces brittleness 
because the brittle Laves phase is sur- 
rounded by the y phase in the micro- 
structure. Compatibility with y alloys is 
also optimized because these Ti-AI-Cr 
coating alloys consist predominately of 
the yphase. 

A representative y + Laves coating 
alloy, Ti-51 Al-12Cr, 78 was applied to Ti- 
48Al-2Cr-2Nb by low-pressure plasma 
spray (LPPS). Interrupted weight-gain 
oxidation tests at 800°C and 1,000°C 
in air indicated that the coating success- 
fully protected the substrate from oxida- 
tion (Figure 11). A typical coating/sub- 
strate region after 1 00 hours at 1 ,000°C in 
air is shown in Figure 12. The absence of 
cracks in the coating and the absence of 
a significant in ter diffusion zone with 
the substrate demonstrate the excellent 
chemical and thermal compatibility of 
the Ti-51Al-12Cr coating with the Ti- 
48Al-2Cr-2Nb substrate. 

A high-magnification micrograph of 





1 I 

100 /im 

Figure 12. A scanning electron microscopy 
backscatter-mode micrograph of LPPS Ti- 
51 AI-12Cr-coated Ti-48AL2Cr-2Nb after 100 
hours of interrupted weight gain exposure at 
1,000°C in air. The coating area is indicated 
by the range marker. The black areas in the 
coating are porosity. 
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Figure 13. A scanning electron microscopy 
backscatter-mode micrograph of an LPPS Ti- 
51 AI-12Cr coating after 500 hours of inter- 
rupted weight-gain exposure at 1 ,000°C in 
air. The microstructure consists of the yphase 
(dark) and the Laves phase (light). The black 
regions are porosity. The Vicker’s micro- 
hardness indentation was performed at 1 kg 
for 15 seconds. 

the LPPS Ti-51Al-12Cr coating after ex- 
posure at 1 / 000°C for 500 hours is shown 
in Figure 13. In general, the Laves phase 
regions in the microstructure are sur- 
rounded by the yphase. The crack resis- 
tance imparted to the coating alloy by 
the continuous y phase microstructure 
was evaluated via microhardness indent 
evaluation. Under 1 kg/15 s indentation 
conditions, only small isolated cracks 
1-3 pm in length were observed (Figure 
13). The cracks were confined to the 
Laves phase and were blunted at the 
Laves/y interface. At lower loads, no 
cracking was observed. In contrast, 
Laves-based alloys suffer from exten- 
sive cracking after microhardness inden- 
tation at loads of only 100 g. 72 Evaluation 
of the LCF and HCF behavior of LPPS 
Ti-51 Al-1 2Cr-coated Ti-48Al-2Cr-2Nb is 
in progress. 

CONCLUSION 

In terms of environmental durability 
(oxidation and interstitial embrittle- 
ment), the y class of titanium aluminides 
looks promising for applications below 
750-800°C in air. Future work should 
emphasize the interaction between en- 
vironmental effects and mechanical 
properties, fatigue, in particular. For 
applications above 750-800°C, an oxida- 
tion-resistant coating will likely be nec- 
essary for y alloys. Future coating alloy 
development should include an evalua- 
tion of the effects of the coating on fa- 
tigue life. 
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